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The ST-FMR voltage is expressed as (18)
where V sym , V anti , and W are the magnitude of the symmetric component, the magnitude of the antisymmetric component, and the spectral width, respectively. Here, H FMR is the ferromagnetic resonance field. In the ST-FMR signal, the symmetric component V sym is proportional to the DL spin-orbit effective field H DL , and is expressed as (41)
where
Here, I RF and ∆R are the RF current flowing in the bilayer and the resistance change of the bilayer due to the anisotropic magnetoresistance, respectively. M eff is the effective demagnetization field of the Ni 81 Fe 19 layer, which can be determined from the microwave frequency f dependence of the ferromagnetic resonance field µ 0 H FMR using the Kittel formula:
The antisymmetric component V anti is due to the sum of the Oersted field H Oe and the FL spin-orbit effective field H FL , and is expressed as (41)
The second term in Eq. (4) arises from the Oersted field H Oe = j N c d N /2, where d N is the thickness of the CuO x layer and j N c is the charge current density in the CuO x layer.
The DL(FL) spin-torque efficiency ξ DL(FL) is defined as (17)
where d F is the thickness of the Ni 81 Fe 19 layer. M s is the saturation magnetization of the Ni 81 Fe 19 layer, which can be estimated from the Ni 81 Fe 19 -layer-thickness dependence of M eff (41).
Using Eqs.
(2)−(6), we obtain the relationship between the FMR spin-torque generation effi-
and the DL and FL spin-torque efficiencies, ξ DL and ξ FL The absence of the CuO phase in the CuO x films is also supported by the X-ray photoelectron spectra shown in Fig. S1B .
Section S3. Interface SOTs
The observed anomaly in the spin-torque generation, especially the sign reversal of ξ FL as shown in Fig. 3 in the main text, suggests that at least two mechanisms of the spin-torque generation coexist in the Ni 81 Fe 19 /CuO x bilayer, and the relative magnitude of these mechanisms is changed at ρ ∼ 9 × 10 −5 Ωcm. Here, we note that sizable spin-orbit torques are generated by the SOC at the Ni 81 Fe 19 /CuO x interface, which is evidenced in ST-FMR spectra measured for the Ni 81 Fe 19 /CuO x bilayer with Q = 1.5% shown in Fig. S2 . At Q = 1.5%, the electrical resistivity of the CuO x layer (ρ ∼ 10 −1 Ωcm) is three-orders of magnitude larger than that of the Ni 81 Fe 19 layer (see The direction of the spin-orbit torques suggests that the interface SOC is responsible for the anomalous spin-torque generation, that is, the significant enhancement of ξ DL and the sign reversal of ξ FL observed for the bilayer with ρ ∼ 9 × 10 −5 Ωcm. From the sign of V sym and V anti components of the ST-FMR spectra shown in Fig. S2 , the direction of the DL and FL spin-orbit effective fields due to the interface SOC can be determined directly as H DL > 0 and
The sign of the spin-orbit torques is the same as that of the anomalous spin-orbit torques observed in the bilayer with ρ ∼ 9 × 10 −5 Ωcm: ξ DL > 0 and ξ FL > 0 (H DL > 0 and 
where E is the electric field applied to the device [see also Eq. (6)]. For the Ni 81 Fe 19 /Cu/CuO x trilayer, the symmetric V sym and antisymmetric V anti components of the ST-FMR voltage, Eqs. (2) and (4), are expressed using ξ E DL(FL) as
where ρ CuOx(Cu) and d CuOx(Cu) are the resistivity and thickness of the CuO x (Cu) layer. Following
Eq. (7), we define the effective FMR spin-torque generation efficiency as
where d eff N = d CuOx + (ρ CuOx /ρ Cu )d Cu is the effective thickness of the nonmagnetic layer. Using
Eqs. (10), (11), and (12), we obtain the relationship among ξ E DL , ξ E FL , and ξ eff
Equation (13) (14) where γ is the gyromagnetic ratio. Figure S4 shows the RF current frequency f dependence of the ST-FMR linewidth W for the Ni 81 Fe 19 /CuO x bilayers with different Q. This result shows that the slope of the linear fit to the data for the bilayer with Q = 1% is clearly larger than that for the other bilayers. This indicates that the magnetic damping constant α of the bilayer with Q = 1% is larger than that of the other bilayers. Using the determined values of α, we obtained the effective spin-mixing conductance g ↑↓ eff .
Section S6. Interface oxidation level characterized by X-ray reflectivity We have also performed Auger electron spectroscopy (AES) combined with Ar-ion sputtering. Figure S6 shows the AES depth profiles for the SiO 2 /Ni 81 Fe 19 /CuO x /SiO 2 -substrate with (A) Q = 0.75%, (B) Q = 1.00%, and (C) Q = 1.25%. From the AES results, the oxygen concentration in the interior of the CuO x layer is estimated to be 6 at.% (Q = 0.75%), 7 at.% (Q = 1.00%), and 11 at.% (Q = 1.25%); the larger oxygen partial pressure results in the higher oxygen concentration. In contrast to the oxidation level in the interior of the . ST-FMR for trilayer. 
